The v i r u s of foot-and-mouth disease is highly resistant to the detergents sodium dodecyl sulphate (SDS), cetyl trimethyl ammonium bromide (CTAB) and Tween 80. Results are recorded which show the possibilities of using SDS in the extraction of virus from infected cells, in concentrating virus by elution from adsorbents, and in increasing yields in the filtration and ultracentrifugation of virus suspensions.
It is shown in the present paper that the virus of foot-and-mouth disease is highly resistant to a t least three synthetic detergents, one anionic (sodium dodecyl sulphate) one cationic (cetyl trimethylammonium bromide) and one non-ionic (Tween 80). In addition, some ways are presented in which the resistance to sodium dodecyl sulphate may be exploited in studies of the virus. These might also be of use in the study of other resistant viruses.
METHODS

Virus strains.
In most of the work a Ven.1 Vall6e 0 type virus strain originally recovered from an outbreak of the disease in Venezuela in 1950, twice passaged in cattle and subsequently in tissue culture of cattle tongue epithelium was used. The virus suspensions used were of the 125th to 160th passages. For some experiments strains from different sources which had been passaged S . F. Cartwright and H . V. Thorne in cattle, guinea-pigs, mice, eggs and monolayer cultures of pig kidney cells were used.
Virus suspensions. The method used to prepare suspensions of Ven. 1 culture virus was similar to that described by Cartwright, Pay & Henderson (1957) . Fragments of tongue epithelial tissue were infected with seed virus and incubated a t 37" in sealed flasks containing an atmosphere'of 95 yo (v/v) oxygen + 5 % (v/v) CO,, in a medium (15 ml./g. tissue) consisting of Tyrode's solution, 0.5 % (wlv) lactalbumin hydrolysate, 200 mg. dihydrostreptomycin sulphatelml., 200 units benzylpenicillin (sodium salt)/ml. and 0.001 yo (w/v) phenol red, After 18 to 24 hr. the culture liquid, subsequently referred to as supernatant virus suspension, was separated from the infected tissue by centrifugation. Virus filtrates of higher titre, used in most experiments and subsequently referred to as ground tissue suspensions, were prepared by grinding the tissue with carborundum powder and extracting with 2-5-10 ml. 0*04~-phosphate buffer (pH 7.6)/g. tissue or equal parts of this buffer and Hartley's broth (Hartley's broth + phosphate) and filtering through Seitz EK pads.
The M. 11 culture virus suspensions were the supernatant fluids from infected pig kidney monolayers clarified by centrifugation for 15 min. a t 3000 rev./min. Suspensions of the Ven.1 cattle and guinea-pig strains, the M.11 mouse strain and the Rho. 1 strain were prepared by suspending the ground infected tissues in phosphate-buffered Hartley's broth and filtering through Seitz EK pads.
Preparation of ceZ2 suspensions. Suspensions of cattle tongue epithelial cells were prepared by digestion of fragments of tongue epithelium with trypsin as described by Cartwright et al. (1957) . Pig kidney cells were grown as monolayers in Pyrex glass bottles (Sellers, 1955) and cell suspensions were obtained by washing once with phosphate-buffered saline (pH 7-6), followed by treatment with l/5000 di-sodium versenate in the same medium for 30 min. a t 37". The cells were deposited by centrifugation a t 1000 rev./min for 5 min. washed with phosphate-buffered saline and finally resuspended in Tyrode's solution containing 0.5 yo (w/v) lactalbumin hydrolysate.
Preparation of monolayers of tongue epithelial cells. The monolayers were grown in 10 ml. screw-capped neutral glass bottles from suspensions of epithelial cells as described by Pay (1957).
Titration of virus suspensions. Serial tenfold dilutions were prepared in 0.04 M-phosphate buffer (pH 7.6) and inoculated intra-peritoneally into groups of five or ten unweaned mice, using a 0.04 ml. dose (Skinner, 1951) .
The virus content expressed as ID 50/ml. was obtained from the 50 yo endpoint dilution calculated by the method of Spearman-Karber (Karber, 1931) . This method gives easier calculations and is more amenable to statistical treatment (Finney, 1952) than that of Reed & Muench (1938). The end-points resulting from the use of these two methods differed by less than 0.1 log unit.
The results of titrations of 45 infective filtrates used in the course of the work were analysed and gave standard errors of logl,, ID5O/ml. calculated by the method of Irwin & Cheeseman (1939) , ranging from 0-17 to 0.4 for 
Extraction of virus from infected cell suspensions
Suspensions of tongue epithelial and pig kidney cells were infected with strain Ven. 1 virus, washed with antiserum to remove extracellular virus, and resuspended in Tyrode's + 0.5 yo lactalbumin hydrolysate with c. 1 0 6 cells/ml.
as described by Cartwright et al. (1957) . The cell suspensions were incubated a t 37" and samples of the whole culture were taken at intervals during the latent and release periods. One portion of each sample was titrated to determine the total infectivity and 1.0 ml. was centrifuged a t 1000 rev./min., for 5 min., the supernatant fluid removed and titrated, and the deposited cells treated with 1.0 ml. of a solution of SDS for 10 min. This suspension was centrifuged a t 3000 rev./min. for 15 min. and the supernatant fluid titrated. The extraction of virus from infected cells during the latent period by SDS was of particular interest in view of the results of Cartwright et al. (1957) who found that, on the average, less than 1 % of the total virus content was extracted with 0.04 M-phosphate buffer (pH 7.6) after grinding with abrasives.
On extracting ground cell debris with 0.5 yo SDS titres equal to those of the whole culture were obtained. Since the completion of the work recorded in this paper this virus has been further investigated (Cartwright & Thorne, 1958) and has been shown to be cell-associated virus, resistant to the action of antiserum, but without apparent influence in virus multiplication.
Extraction of virus from infected cell monolayers
Monolayers of tongue epithelial cells were infected and washed as described for cell suspensions. At selected intervals the supernatant fluid was removed and replaced by an equal volume of 0-5 yo SDS. After 5 min. this was removed and any suspended cells and debris deposited by centrifugation. Five cultures were used for each time investigated and the liquids were pooled for titration. The results in Table 6 show the increase in virus content with time, and the high ratio of cellular virus-titre to the titre of the virus normally released into the medium. Extraction from infected tissue fragments The possibility of extending this method to the extraction of virus from tissue fragments used in the production of virus by the method of Frenkel (1947, 1953) was investigated. In these experiments extraction for 30 min. at 87' Detergents and f oot-and-mouth disease virus 67 with 10-25 ml. 1-2 yo SDS solution/g. tissue gave titres of 7.5-805 log ID 50/ml. which differed by less than f 0.4 log unit from those obtained by grinding with carborundum. These extracts were clear solutions readily separable by centrifugation from the tissue fragments.
Effects of SDS and C T A B on cells
In the presence of SDS a t concentrations 0-5-1-0 yo microscopic examination showed that tongue epithelial cells were stained in a few seconds with eosin, indicating cell death (Schrek, 1936) ; after about 30 sec. marked changes in the appearance of the cells occurred, indicative of cell-wall damage, with the presence in the surrounding fluid of intertwined fibrillar structures, probably of aggregated cytoplasmic material. In suspensions of cells this material and the cell debris aggregated rapidly to form a gelatinous precipitate. Similar effects were observed in pig kidney cells but the cells became completely disrupted with none of the original structure remaining. CTAB in the same concentration range produced staining of tongue epithelial cells by eosin, and in a small proportion of both tongue and pig kidney cells, cytoplasmic protrusions but no extensive disintegration. Tween 80 (1.0 yo) produced no microscopically observable effects in the structures of either type of cell. Solutions of 2.0 M-phosphate, 5-0 M-NaCl and 2.0 M-glycine (pH 7-6) caused crenation of the cells, presumably due to osmosis, but no disintegration. These observations indicate that the higher recovery of virus from cells by using SDS, compared with the other solutions tested, was due primarily to its disruptive action on the cells and not to an elution mechanism dependent on electrical charge.
The elution of strain Ven. 1 tissue culture virus from some adsorbents by SDS
The investigations have been mainly concerned with the efficiency of elution of strain Ven. 1 tissue culture virus by SDS as compared with other agents, with particular reference to the possibility of concentrating the virus by elution in small volume. The adsorbent Attaclay was used for most of this work, but in some experiments the elution of virus from Celite, calcium phosphate gel and aluminium hydroxide gel was studied. Attaclay was used by Hiatt, Rothstein & Yager (1951) and by Breese & Briefs (1953) to decrease the protein concentration of chick embryo and mouse brain suspensions, in studies of Japanese encephalitis virus and Coxsackie virus, respectively. I n both of these studies it was possible, because of the high protein level, to adsorb the greater part of the protein without decreasing the virus titre of the suspensions.
Adsorption. To provide a safeguard against the possibility of inactivation being interpreted as adsorption, the degree of adsorption was determined by the titration of both the adsorbent and the supernatant fluid. In the case of Attaclay it was demonstrated by centrifugation of infective suspensions and titration of the supernatant fluids that complete elution occurred on dilution to l / l O O O in 0*04~-phosphate buffer (pH 7.6). Since the virus filtrates used had titres greater than los ID50/ml. complete elution would occur in the 5-2 dilutions inoculated and titration of the adsorbent would be expected to give a true estimate of the quantity of adsorbed virus. All of these adsorbents removed virus from strain Ven. 1 tissue culture fluids to the extent of Attaclay shown in Table 7 . The amount of virus adsorbed, given by the ' adsorbent titre ', was within the limits of error of titration, in agreement with the amount calculated from the difference in titre between that of the original filtrate and the final supernatant fluid. Although precise estimation of the amount of virus adsorbed was not possible, owing to the inaccuracy of the titration method, it is apparent that a correlation exists 0.3, 1-7 and 1.7 , respectively. These results showed that. the treatment of approximately 100 ml. of supernatant virus with 1 g. adsorbent resulted in the adsorption of more than 95 yo of the virus, followed by an increase in both the titre and optical density of the filtrate. The smaller quantity of Attaclay required for the adsorption of virus from supernatant suspensions is in keeping with the lower protein content as indicated by the optical density.
Elution
Elution from Attaclay with SDS. Adsorbed virus was eluted from Attaclay by solutions of SDS in amounts increasing with the concentration of SDS (Table 8) given throughout refer to the concentration of the solution added. In practice the effective concentration is lowered by the liquid adhering to the adsorbent (2 ml./g.). In the case of elution in 115 of the original volume the effective concentration is approximately half of the nominal concentration. To obtain concentration with respect to the original virus, i.e. elution in a smaller volume than the initial one, higher concentrations of SDS were required. For these experiments 1.0 ml. of the eluting agent was added to 500 mg. adsorbent, when 50 mg. adsorbent were used/ml. virus suspension. Because of the liquid held by the adsorbent this gave only a five-fold volume concentration factor.
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The mean log difference in titre between original virus and concentrate for 8 experiments with 1.0% SDS was 0.6 (range 0.3-1.1) compared to the expected 0-7 (log 5 ) . In some cases volume concentration factors of 10-and %fold were obtained by using 25 and 10 mg. adsorbent/ml. with the virus from ground tissue and supernatant fluids respectively, and c. lo-fold concentration of virus was found in these experiments. Ultraviolet absorption measurements of the concentrates showed that the O.D. value at 280 mp increased with increasing detergent concentration and in parallel with increasing degree of virus elution. The greater part of the protein remained adsorbed, giving eluates of the same order of optical density as the original suspension and hence with a higher ratio of titre to protein concentration.
Elution from Attaclay with other media. The efficiency of SDS as an eluting agent was compared with that of various solutions buffered a t pH 7.6. Neither CTAB nor Tween 80 a t concentrations up to 1.0 yo eluted virus in quantities in excess of 5 yo of that adsorbed. Similar results were obtained with glycerol (20-100 yo, v/v) which was found by Rushchits (1954) to be effective in eluting the virus of foot and-mouth disease from calcium sulphate. Glycine a t concentrations greater than 1 . 5~ eluted the greater part of the adsorbed virus; concentration of virus was achieved, but with a recovery of only 30 yo. Solutions of l.OM-NaC1 eluted only 10-25 yo of the virus and this decreased markedly when concentration of the virus was attempted at salt concentrations up to 5 . 0~. Almost complete elution was achieved with phosphate buffers (pH 7.6) a t 0.75-1.25~; a t concentrations less than or equal to 0.501 less than 1 yo of the virus was eluted ; at concentrations higher than 1-5 M, where precipitation of some of the protein of the medium occurred with adsorption of virus, elution was negligible. Only 10-20 yo of the virus was recovered when five-fold concentration was attempted with 1-OM-phosphate buffer (pH 7~6), obtained by the addition of %Owphosphate to the adsorbent.
Elution from aluminium hydroxide gel, calcium phosphate gel and Celite. Good recoveries of virus were obtained from Celite and aluminium hydroxide with SDS at 0.5 yo (Table 9) . It was expected from the insolubility of calcium dodecyl sulphate that low concentrations of SDS would be ineffective in eluting virus from calcium phosphate gel; however, elution in excess of 10 yo occurred with 1.0 and 5.0 yo solutions of SDS (Table 9 ).
Elution of virus from aluminium hydroxide with a degree of concentration comparable to that obtained with SDS occurred with 2.5 and 5.0~-NaCl. Elution from calcium phosphate comparable to that by SDS from Attaclay resulted from the use of phosphate buffers (pH 7.6) at 0.5-1.5~; higher strengths caused precipitation of virus and negligible elution. Concentration was achieved a t an effective phosphate concentration of 1 . 0~. Efficient elution and concentration were also found with 2.5 and 5*O~-Nacl. Full recovery of virus from calcium phosphate and aluminium hydroxide resulted from elution with 2*O~-glycine in a volume equal to that of the original suspension, but not in a smaller volume. Neither Tween 80 (1 %) nor CTAB
(1 yo) eluted more than 1 yo of the virus from these two adsorbents. 
5.4
Amino-Tyrode's 0.5 7.0 6.9 -the improvement in titre, in many cases 1000-fold, when SDS was included in the suspensions to be filtered or when a solution of this detergent was passed through the filter after the passage of the virus suspension. Failure
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to recover virus completely in some of the experiments can probably be explained in the first method by the adsorption of SDS by the protein of the medium with a consequent decrease in the effective elution concentration, and in the second by the speed of elution which probably also determined the recovery. In both cases higher concentrations of detergent improved recoveries. Only a small recovery resulted from using glycine and no recovery was obtained when CTAB was used in place of SDS. These results were in accordance with those already given concerning elution by these two reagents. Experiments with undiluted M.11 tissue culture virus (in a medium consisting of Earle's saline, yeast extract and lactalbumin hydrolysate) gave similar results to those with Ven. 1 virus. Virus in this medium has been found (Mr R. F. Sellers, private communication) to be particularly susceptible to losses through adsorption. The recovery of M.11 virus from mouse tissue was increased 10-50-fold by the use of SDS.
The use of SDS in the centrifugation of virus suspensions
Although ultracentrifugation is a convenient method of concentrating the virus from volumes less than c. 1 l., the recoveries are usually only of the order of 30-50% (Dr C. J. Bradish, private communication) . It appeared probable that losses occurred through adsorption of virus on large particle aggregates produced by deposition and discarded in the normal clarification cycle. The practicability of using SDS rather than 0.04 M-phosphate buffer (pH 7.6), the normal suspending medium, was therefore investigated. Ven. 1 strain tissue culture virus was passaged in guinea-pigs and a phosphate-buffer extract of the ground pads clarified by centrifugation to provide starting material. This was centrifuged a t 35,000 rev./min. for 50 min. in a Spinco L P O rotor to sediment the virus (Bradish, Brooksby, Dillon & Norambuena, 1952) . The deposited pellets were suspended in a small volume of 0 . 0 4~-phosphate buffer (pH 7.6) and to samples of this suspension, containing nondispersed aggregates of cell debris of a microsomal character, solutions of SDS, glycine and sodium chloride were added to give a three-fold volume concentration factor. After 30 min, a t room temperature the suspensions were clarified (3000 rev./min. for 1 hr.) and the supernatant fluids removed for titration. A similar experiment with Ven. 1 tissue-culture virus, using a 12-fold concentration factor, gave much smaller deposits than guinea-pig virus. The results of a typical guinea-pig virus experiment (Table 11 ) demonstrate the superiority of 1 yo SDS over the other solutions used. The recovery from tissue culture suspensions, although greatest with SDS was also good with the other solutions probably because of the small size of the deposit.
Removal of SDS
In many problems the presence of SDS in virus suspensions is undesirable (e.g. in seed virus for tissue culture), therefore methods for its removal are required. Dialysis, electro-dialysis and deposition of the virus by centrifugation should be readily applicable, without infectivity loss, to small volumes. Several other methods have been investigated.
(1) A single extraction with an equal volume of butanol decreased the concentration of SDS in extracts and concentrates from about l.Oyo to less than 0.02 yo without loss of virus, and appears to be a suitable and rapid means for use with small volumes, particularly when it is desirable to decrease the protein concentration a t the same time. (4) The precipitation of SDS as the insoluble barium salt caused loss of virus by adsorption. Methods (2) and (3) used in conjunction with one another would seem to be the most suitable, so far investigated, for use with large volumes of virus suspensions.
DISCUSSION
Resistance to detergents might be a general property of the virus of foot-andmouth disease, independent of its source and type, since the strains tested had been passaged in a variety of hosts, cattle, guinea pigs, mice, eggs or in tissue culture. The resistance to ionic detergents enables some tentative conclusions to be reached about the structure of the virus, In the first place this resistance, considered along with the long established resistance of the virus to the lipid-extracting solvents ether, acetone, ethanol (e.g. Pyl, 1951) and to butanol, suggests that the virus contains no lipid, a t least in its outer structure. (It is possibly significant that a t least two of the viruses found to be inactivated by SDS by Burnet & Lush (1940) , namely influenza and vaccinia, contain lipid; there may be a general correlation between susceptibility to solvents and to detergents whether synthetic or natural.) Further, since S . F . Cartwright and H . V. Thorne detergents denature proteins primarily by disruption of hydrogen bonds and salt linkages, it is possible that linkages of this type do not play a significant role in the structure of the protein of the virus of foot-and-mouth disease. If linkages of protein to nucleic acid occur, these would be expected to be of a co-valent rather than electro-valent character.
The ease and rapidity with which the virus of foot-and-mouth disease can be extracted from the cells by SDS, together with the instantaneous cessation of multiplication, indicates the use that may be made of this reagent in studies of virus multiplication. The total virus content of cells may be estimated when it is impracticable or inconvenient to extract the virus by grinding, for example, from single cells or monolayers. Further, the removal of monolayers from glass by treatment with trypsin or di-sodium versenate is unnecessary, thus decreasing the risk of loss of virus.
The elution of virus from Attaclay in high dilutions of phosphate buffer suggests that in the experiments of Cartwright et al. (1957) , the virus from the cell debris fraction was probably free a t the dilutions used and not bound in any special manner as suggested by these authors, The elution of virus by SDS does not give direct evidence on this point since extensive cell damage occurs and any linkage of a special kind would probably be broken. However, the close correspondence of the titres of the SDS extracts and ground cells indicates that the dissociation of these bonds yields virus which does not differ in infectivity from the normal. Hence there seems to be no particular reason for assuming that the virus is bound strongly to any cell constituent. It is probable that the low infectivity of phosphate extracts from debris was due to the small volume of buffer used to extract and the high ratio of adsorbent (debris) to virus. The plaque-counting method, however, may reveal differences not apparent from the present work.
Although tissue culture methods have greatly facilitated the production of high titre virus, the titre is still, in general, too low for many purposes without concentration. In recent years methods have been developed for the concentration of polio virus from large volumes of tissue culture fluids (Schwerdt & Schaffer, 1955) but in this case the very favourable stability properties of the virus have enabled co-precipitation with the proteins of the medium at pH 4.0-4.5 to be used as an initial concentration step. The extreme lability of the virus of foot-and-mouth disease a t low pH values precludes the use of this method, and the methods a t present being used for the concentration of this virus (precipitation with ammonium sulphate, ethanol or acetone after deproteinization with chloroform, Pyl & Rohrer, 1955 ; or protamine, Hansen & Holm, 1950 ; and ultracentrifugation) although useful for concentration from sources of low volume are not well suited for use on a large scale. It is therefore desirable for this purpose to find a method using either precipitation or adsorption followed by elution. Apart from early reports of elution from adsorbents (Pyl, 1931) However, the high pH value of these reagents would probably be inimical to live virus, and in any case to obtain concentration of virus it was necessary to follow elution by pervaporation and precipitation with ammonium sulphate. The eluting properties of SDS indicate that its use with adsorbents of greater capacity or with virus suspensions of lower protein content should yield useful degrees of concentration. Although solutions of saline and pH 7.6 phosphate buffer have been found to produce concentrations of the same order, the lower concentrations of SDS required, together with the ease of its removal, recommend its use.
Since neither CTAB nor Tween 80 was found to be an effective eluting agent it is evident that the eluting property of sodium dodecyl sulphate does not derive directly from its surface activity. Elution probably results from the complexing of SDS with the adsorbed protein and virus to the point when repulsion resulting from the high negative charge breaks the bonds with the adsorbent and releases protein and virus into the liquid. The quantity of SDS required for complete elution would then, as found, depend on the amount of protein adsorbed.
No insurmountable difficulties should arise in the use of SDS in the remaining two applications. When virus is being passaged from one animal host to another, the use of SDS in filtration, possibly following its use in extracting tissue, might well be adopted as a routine procedure which should decrease the number of experimental failures resulting from filtration losses in this type of work. In tissue culture passaging, however, the action of SDS on cells would require that its concentration in the inocula was below a harmful level; there is no doubt that this can be effected. Where virus is to be used for vaccines or for experimental investigations, the procedures can again be of value in reducing losses.
While the greater recoveries obtainable in centrifugation should be of value in complement-fixation and other serological studies actual purification of virus may be impaired by the nature of the elution process. This might result from the dispersion of large particles, normally discarded as aggregates, which might through the action of SDS, persist with virus in subsequent stages. However, it is also possible that the action of SDS would be to dissociate the aggregates to components of low sedimentation constant which would be discarded in the supernatant from deposited virus. Apart from these applications which have been investigated, the antibacterial properties of SDS and CTAB might be of value in work with the virus of foot-and-mouth disease. 
